ing strategy), and a rhinovirus 3C protease cleavage The SARS-CoV replicase gene has been shown, or sequence (in total an addition of 30 amino acids N-teris predicted, to encode multiple enzymatic functions minal to the 113 of nsp9). The numbering scheme used . These include an RNA-dependent throughout is relative to the natural cleavage point. Two RNA polymerase activity (RdRp, nsp12), a 3C-like serine tetragonal crystal forms of the protein (unrelated to crysproteinase activity (3CL pro , nsp5, also known as the main tals reported by Campanacci et al., [2003] ) were solved proteinase M pro ), a papain-like proteinase activity (PL2 pro , using MAD and molecular replacement methods (see nsp3), and a superfamily 1-like helicase activity (HEL1, Experimental Procedures). In the final model of crystal nsp13). These types of proteins are common to the repliform I, with one molecule in the asymmetric unit, all the cative machinery of many positive-strand RNA viruses. residues of nsp9 are well defined in the electron density In addition, the replicase gene encodes proteins that map together with an additional nine residues that correhave domains indicative of 3Ј-5Ј exoribonuclease activspond to part of the N-terminal tag (see Figure 1A ; Tables ity (ExoN homolog, nsp14), endoribonuclease activity 1 and 2). This model was refined at a resolution of 2.8 Å (XendoU homolog, nsp15), adenosine diphosphateto an R factor of 22.8% with an R free of 31.4%; it ribose 1″-phosphatase activity (ADRP, nsp3), and ribose possesses reasonable stereochemistry and 77% of resi-2Ј -O-methyl transferase activity (2Ј -O-MT, nsp16). dues lie in the most favored region of the Ramachandran These functions are less common in positive-strand diagram (none are in disallowed regions). This structure RNA viruses and may be related to the unique features was used to solve crystal form II (four molecules in the of coronavirus replication and transcription. Finally, the crystallographic asymmetric unit) by molecular replacereplicase gene encodes another nine proteins for which ment methods (see Experimental Procedures). In both there is little or no information on their structure or funccrystal forms, there are common associations (via crystion. nsps 10, 4, and 16 have been implicated by genetic tallographic or non-crystallographic symmetry) of the analysis in the assembly of a functional replicase-tranmolecule that form two distinct types of dimers. The scriptase complex (Siddell et The curvature of the ␤ strands combined with the long (Anand et al., 2003) . The structure of nsp9 reported here loops L 45 and L 67 gives the molecule the appearance of is the first product of our high-throughput analysis. In a boomerang, reminiscent of nucleic acid binding OBaddition, we have produced a number of other SARSfold proteins (Murzin, 1993; Theobald et al., 2003) , al-CoV proteins in pure soluble form and these have been though the fold of nsp9 is unrelated to the OB-fold. The used for the analysis of nsp9 interactions with other first nine residues of the mature protein form, with the replicase components, demonstrating an interaction nine additional residues contributed by the N-terminal with nsp9. We have also investigated the possible functag, a ␤-hairpin ( Figure 1B ). This extended structure has tion of nsp9 and found it to bind RNA. few interactions with the rest of the protein. Residues 96-110 form a C-terminal ␣ helix that folds back antipar-Results allel to strand 7 ( Figure 1B) . nsp9 is structurally homologous to subdomains of We have determined the structure of the SARS-CoV serine proteases, in particular the second domain of the nsp9 protein as part of a structural genomics project coronavirus 3CL pro s (PDB codes 1Q2W, 1P9U, and 1P9S within the Oxford Protein Production Facility (OPPF) that [Berman et al., 2000] ) and the first domain of picornaviral targets the proteins of SARS-CoV. al., 1979) equivalences 71 residues with an rms deviation (nsp5) were produced in large quantities in pure soluble of 3.2 Å , with no significant insertions in either structure form. Since these two proteins are implicated in a repli- (Figures 2A and 2C ). An alignment with domain I of the case complex that includes nsp9, we have used them 3C protease from human rhinovirus 2 (HRV2) (1CQQ) in some of the experiments described below.
gives 68 residues equivalenced with an rms deviation of 3.1 Å ( Figure 2B ). In comparison residues 3-184 of SARS-CoV M pro and 1-180 of HRV2 3C protease can be Description of the Structure superposed to equivalence 145 residues with an rms The E. coli-expressed protein product for nsp9 corresponds to residues 4118-4230 (nucleotides 12,616-deviation of 2.9 Å . Dimer Formation glycines are strictly conserved. Further stabilization of this hydrophobic interface arises from Leu4 and Ser5, Two structurally different dimers are observed in both of the two different crystal forms we have analyzed. In which form part of the N-terminal extended ␤ chain, clipping onto the edge of the inner ␤ sheet (strand 6) one of the dimers, the interface is principally formed by the parallel association of the C-terminal ␣ helices from its dimer partner (see Figure 3A ). This interaction effectively forms two six-stranded ␤ sheets that run ( Figures 1C and 3A) . This dimer has overall dimensions of 70 ϫ 40 ϫ 40 Å , and a total surface area of 1240 Å 2 across the dimer interface, locking the dimer together. The N-terminal tag residues form an association with per monomer is buried upon dimer formation. This surface area drops to 990 Å 2 on exclusion of the N-terminal the end of the C-terminal helix, which may account for a kink in the ␣ helices, bending them away from the tag (AREAIMOL [CCP4, 1994]). We would expect that in the absence of the N-terminal tag residues 1-3 at the dimer interface. This kinking, along with the extended ␤-hairpin that forms a tower (residues 74-90), results in mature N terminus may be poorly ordered but the dimer interface is likely to remain extensive. The two helices a long groove that runs along the length of the dimer ( Figure 3A) . The base of this groove is rather hydropho-pack together at an angle of Ϫ28Њ but unusually closely (the closest approach of the helix axes is 5.4 Å ). This bic in character, although the walls have some positive charged character. The external sides of the dimer are close packing is possible because the heart of the dimer interface is formed from two glycines (Gly100 and clearly more charged and present more accessible surfaces for interaction ( Figure 3A ).
Gly104) (the closest C␣ -C␣ distance between equivalent glycines across the dimer axis is 3.5 Å ). The correlation
The second dimer observed in the crystals ( Figure 3B ) is formed by an interaction between ␤ strand 5 (residues coefficient that measures surface complementarity (Sc [CCP4, 1994; Lawrence and Colman, 1993]) for this di-63-68) from both subunits zippering the two ␤-barrels together ( Figure 2C ). The surface area buried on dimer mer interaction surface is 0.71 (0.76 excluding the N-terminal tag) and 0.77 for the helices alone, which formation is only 540 Å 2 per monomer (the N-terminal tag does not participate in this interface), and the surface corresponds to a better shape matching than is observed in, for example, antibody-antigen interactions complementarity is 0.70. There is very little sequence conservation in residues involved in this dimer, but since (Lawrence and Colman, 1993). Analysis of the sequence conservation across known coronaviruses ( Figure 2C) the interactions involved are primarily main chain atoms this is perhaps not surprising. Although the surface area reveals that the N and C termini of the protein are more conserved than the central core region, and the two key occluded on formation of the second type of dimer is less than for the first, this dimer type is strictly main-Dynamic Light Scattering tained in both crystal forms. In contrast, in the larger Analysis of dynamic light scattering data (see Expericell with four copies of the monomer in the asymmetric mental Procedures) indicates that for concentrations unit, although one ordered copy of the helix dimer is above 1.5mg ml Ϫ1 , nsp9 is monodisperse with a Stokes' present, in the second helix dimer one monomer is disorradius of approximately 2.1 nm ( Figure 4A ), which is in dered, reflecting fluidity in the packing of the monomer close agreement with the calculated radius of 1.9 nm along the helix axis.
for a dimer. At concentrations below 1 mg ml Ϫ1 , the Stokes' radius steadily decreases with decreasing concentration. This suggests that, at these lower concentrations, nsp9 is in a dynamic equilibrium between mono-Further Characterization of nsp9 Biophysical and functional experiments have been per-meric and dimeric forms, with the equilibrium favoring the monomeric species at the lowest concentrations. formed with the crystallized form of nsp9 (including the N-terminal tag) and with protein from which the N-ter-Analytical Ultracentrifugation Figure 4B shows the variation of apparent nsp9 weight minal tag has been removed by treatment with human rhinovirus 3C protease (see Experimental Procedures).
(M w ) with concentration and centrifugation speed, for poorly understood. In order to investigate whether either nsp8 or nsp9 might be responsible for membrane inter-In order to try to define interaction partners for nsp9, we mixed equimolar proportions of nsp9 with nsp8, nsp5 actions, coflotation experiments were conducted (see Experimental Procedures). These phase partitioning ex-(the 3C-like protease), and in combination with both. In addition, we examined nsp8 and the protease alone. periments showed that both nsp8 and cleaved nsp9 concentrated exclusively in the aqueous phase. The overall concentrations of these samples were in the region of 0.5 mg ml Ϫ1 . We performed sedimentation RNA Binding As a putative component in the replication complex equilibrium experiments on these samples (Table 3 ) and analyzed them as described in the methods. As in the (Bost et al., 1999), nsp9 may possibly have an RNA binding activity. To investigate this possibility, electro-experiments reported above, nsp9 could be analyzed as if it were a monodisperse, ideal system with a raised phoretic mobility shift assays (EMSAs) were conducted with untagged nsp9 using both short and long RNA molecular weight, indicating self-association with a time constant rapid on the timescale of the experiment substrates. nsp9 binds to RNA as shown by the decrease in mobility of both a short (20-mer) oligoribo-(hence the ideal behavior). nsp8 consistently showed a weight in the region of 50 kDa, suggesting that it is nucleotide and longer (538 and 582 base) RNA substrates in a concentration dependent manner (Figure constitutively a dimer. However, it showed non-ideal behavior, which may arise from the presence of an impu-4D). As observed in Figure 4D lanes 3-8, Figure 4D, lanes 10-15) . The RNA binding activity of nsp9 could only be competed out with chymotrypsin-like proteases (members of the serine protease superfamily), which have two domains com-heparin at heparin concentrations at least 5-fold higher than the protein concentration (data not shown).
prising a six-stranded barrel motif (coronavirus prote- (nsp5), nsp8, and nsp9 (Brockway et al., 2003) . For the to ␤4 and L45 of nsp9, a region rich in basic amino Both dynamic light scattering (DLS) and analytical ulacids. We have shown that nsp9 binds RNA and that tracentrifugation (AUC) experiments on nsp9 (with and this binding is not strongly RNA sequence specific (Figwithout the N-terminal tag) , indicate that the molecule ure 4D). RNA recognition motifs are generally rich in exists as a dimer in solution at mM concentrations. This not only basic amino acids but also solvent-exposed agrees with an independent analysis of nsp9 in which hydrophobic side chains that make ionic and stacking a dimer was detected (Campanacci et al., 2003) . In crysinteractions. Given this information, the most likely site tals of nsp9, we observe two possible dimers, one of of RNA binding is on the face of nsp9 that presents which is presumably biologically relevant. The most exloops L23, L45, and L7H1 (See Figure 1B, where these tensive interaction is that mediated by helix packing. loops are labeled in blue); this face is accessible in our Although there are few specific interactions, there can preferred helix stabilized dimer but largely occluded in be little doubt, given the hydrophobic nature of the interthe putative ␤ sheet-stabilized dimer. This presentation acting surface and the striking conservation of the amino is reminiscent of that seen in OB-fold proteins that comacids involved, that this interaction is biologically impormonly bind oligonucleotides. Although their folds have tant. The homophilic nsp9-nsp9 interaction could also different topologies, and are therefore not evolutionarily be indicative of heterophilic protein-protein interactions. related, we find this a compelling case of convergent We have searched for GXXXG motifs in other proteins evolution to a similar architecture that reflects similar in the replicase complex that may interact with nsp9 but functions. This type of convergence in overall molecular have been unable to identify candidates. However, the shape is the other side of the coin to that observed fluidity of packing via the hydrophobic surface as seen for the classic case of convergent evolution, namely in the second crystal form suggests that this surface subtilisin and the tryspin-like serine proteases, where may play a generic role in nsp9 interactions with other only the very local active site environment is reproduced. proteins in the replicase complex. This dimer contains In summary, our structural and functional analyses a narrow groove (defined largely by the "scissors"-like indicate that nsp9 may play multiple roles in the replicadisposition of the interacting helices), which could contive cycle of coronaviruses. Its interaction with other ceivably accommodate a peptide. The second putative proteins may be essential for the formation of the viral dimer is conserved in both crystal forms and involves replication complex together with its ability to interact an edge-to-edge interaction of ␤ sheets that is frewith RNA (in the absence of other viral or cellular proquently used to stabilize oligomers. Nevertheless, the teins). The loops presented by the ␤-barrel may princilack of sequence conservation and limited area of interpally confer the RNA binding capacity via nonspecific action argue that this second dimer form may not be biologically relevant.
In cells infected by the related coronavirus MHV, nsp9
interactions while the C-terminal ␤-hairpin and helix, Finally, the structure of SARS-CoV nsp9 presented mM NaCl (pH 7.5). Fractions containing pure protein were pooled here has established that the Oxford Protein Production and DTT was added to 2 mM. One hundred percent seleno-methionine incorporation was confirmed by mass spectroscopy.
Facility pipeline for cloning, protein expression, purification, crystallization, structure determination, and functional characterization is in place. As can be seen from Crystallization Prior to crystallization, nsp9 was concentrated by ultrafiltration, the Table 1, (Table 4 ). The RT-PCR products were blunt end cloned into pBluescript SKII ϩ to data were sharpened to a model with an average main chain B produce the clones SARS F4 and SARS F5, and the sequence verifactor of 15 Å 2 using XPLOR. The final R factor is 22.8% and the R fied using SARSCoV specific primers. free is 31.4%. The native crystal structure was subsequently solved by molecular replacement using AMORE (final correlation coefficient Protein Expression, Purification, and Characterization and R factor of 66% and 53% after rigid body fitting) (CCP4, 1994). The coding sequences for nsp8, nsp9, and 3CL pro were amplified
The search model was one of the two possible dimers of nsp9 by PCR using the primers and clones described in Table 2 . The observed in the other crystal form (where the ␣ helix forms the forward primers encode a rhinovirus 3C-protease cleavage site positight dimeric interface). The two dimers in the asymmetric unit have tioned N-terminal to the gene and both forward and reverse primers identical orientations and are related by a translation of (0, 0, 1/2), contain the attB site of the Gateway cloning system (Invitrogen). consistent with the native Patterson map. The four monomers were The PCR fragments were subcloned into the pDEST17 plasmid (Ininitially refined as rigid bodies using CNS (Brunger et al., 1998) . vitrogen), producing clones pD17-Nsp9, pD17-Nsp8, and pD17-Electron density maps reveal that the monomers in one dimer are 3CL pro , which contain the full-length gene product with an N-terminal well ordered (and identical to that observed in the SeMet crystal extension (MSYYHHHHHHLESTSLYKKAGFLEVLFQGP) including a structure), but one of the monomers in the second dimer is disor-6-His tag for protein purification and a rhinovirus 3C-protease cleavdered. The ordered monomer in this dimer retains the same crystal age site for tag removal.
contacts that form the other putative dimer (via the clipping together For expression of native protein, the pD17 plasmids were transof strands 5). No further refinement work was done on this crystal formed into E. coli strain Rosetta PLysS (Novagen). Cultures were form. grown in GS-96 media (Qbiogene) with 1% glucose at 310 K until an OD 620 of 0.6 was reached, and then cooled to 293 K for 30 min. Expression was induced by the addition of 0.5 mM IPTG, and the
Cleavage of the N-Terminal Tag
The engineered N-terminal tag contains a rhinovirus 3C protease cultures were grown for a further 20 hr at 293 K. Seleno-methionine derivatized protein was produced by transforming the pD17 plasmid cleavage site, the enzyme cutting after the Q in the LFQGP sequence. Native nsp9 was cleaved by adjusting the protein concen-into the auxotrophic strain E. coli B834(DE3). Cells were cultured in SelenoMet Media (Molecular Dimensions Limited) according to the tration to 0.5 mg/ml in a 20 mM Tris-HCl (pH 8.5), 500 mM NaCl, 2 mM DTT buffer and incubating with HRV 3C protease (with manufacturer's instructions up to the point of induction when the cultures were cooled to 293 K for 30 min, induced by the addition N-terminal His-tag) for 16 hr at 20ЊC. Cleaved nsp9 passed straight through a Ni 2ϩ charged 1 ml HiTrap-Chelating HP column (Amer-of IPTG to 0.5 mM, and grown for a further 20 hr at 293 K. Both native and seleno-methionine derivatized protein were purified as sham Biosciences) with the cleaved tag, uncleaved nsp9, and rhinovirus 3C protease binding to the beads. As determined by mass follows. The cells were harvested by centrifugation at 12,000 ϫ g for 30 min and the bacterial pellets resuspended in 50 mM Tris-spectroscopy, the cleaved nsp9 had a mass of 12600 Ϯ 10 Da which is 44 Da larger than the mass calculated from the sequence (12556 HCl, 500 mM NaCl (pH 7.5) (TN). Tween-20 was added to 1% and imidazole to 20 mM, and the cells lysed by sonication. The sample Da). The difference in mass can be explained by the presence of two tightly bound sodium ions (2 ϫ 23 Da). Unlike the tagged material, the was clarified by centrifugation at 20,000 ϫ g for 30 min and the supernatant loaded on to a Ni 2ϩ charged 5 ml HiTrap-Chelating cleaved form did not readily crystallize. 8 (3.5-3.3)  2.8 (3.5-3.3)  2.9 (3.4-3.3 To compare the experimental sedimentation behavior of nsp9 with for dimerization, as appropriate. Here, M 1 was fixed at the known monomeric molecular weight of nsp9. K d is the equilibrium constant that predicted from its structure, we followed a previously described protocol (Merry et al., 2003) , computing bead models from the of dissociation. The same procedures were followed for nsp8, the SARS-CoV 3C-like protease, and mixtures of these proteins, except atomic coordinates with the program AtoB (Byron, 1997) and calculating the solution behavior of those models with the aid of SOLPRO that a concentration range was not covered for these cases. Because the mixtures might represent interacting systems or non-ideal (Garcia de la Torre et al., 1999). In comparing these values-for a model in vacuo-with those for the experimental data, we corrected systems of non-interacting species, if a single-species equation did not fit the data sufficiently and there was no evidence of aggregation, the computed parameters with the equation then we used a two-species model to fit the data, either using ULTRASPIN, as above, or (with absorbance data) using the curves ␦ ϭ s 0΄ 1 ϩ ␦ v ΅ 1 3 , fitting package ProFit (QuantumSoft, Uetikon am See, Switzerland). In ProFit the equation where ␦ is the hydration fraction, which was set at 0.3 g/g water (the generally recognized standard value), s ␦ is sedimentation coeffi-A(r) ϭ A(r F )exp ΄ (1 Ϫ v) 2 2RT M(r 2 Ϫ r 2 F ) ΅ ϩ E cient at that hydration, and s 0 is the anhydrous value. This then allowed us to calculate the expected Stokes' radius of the protein, to compare with light scattering measurements, using the equation was used for a single species fit (where A is absorbance, r denotes radius in cm, r F a reference radius, v is the partial specific volume R s ϭ M(1 Ϫ v) N6s , [in ml/g], is solvent density [in g/ml], is angular momentum [in radians/s], R is the gas constant, T is the absolute temperature, M is the protein weight [in Da], and E is the baseline). For a two-species where R s is Stokes' radius, M is weight (in Da), N is Avogadro's number, and is viscosity. fit, the equation
